| INTRODUCTION
The tissue engineering and regenerative medicine industries have an immense potential to improve the clinical outcome and deliver effective curative therapies to a number of chronic diseases that are currently beyond repair. The U.S. Food and Drug Administration (FDA) has outlined a series of guidance documents for the clinical application of tissue-engineered products that specify thorough characterization during the development and manufacturing process and defined acceptance criteria for product release (FDA, 2011) . In current practice, tissue engineers rely on a battery of expensive, timeconsuming, and destructive techniques to monitor the composition, microstructure, and function of engineered tissue equivalents. A non-destructive solution to monitor tissue quality and maturation would address the significant hurdles that these new regulations pose for the translation of cell-based tissue products into the clinic, greatly reduce costs, speed the development of tissue products, and allow clinical evaluation of current and emerging therapeutic interventions.
Quantitative optical techniques based on endogenous tissue autofluorescence have been developed to image and nondestructively characterize tissue properties (Gorpas et al., 2015; Gorpas, Ma, Bec, Yankelevich, & Marcu, 2016 ; M. Y. Sun et al., 2012) . A number of endogenous biomolecules, including the extracellular matrix protein collagen (Alfonso-Garcia, and its crosslinks (Wagnieres, Star, & Wilson, 1998) , and proteoglycans (Angheloiu et al., 2011) give rise to tissue autofluorescence. The relative concentration and distribution of individual fluorophores within the tissue create unique fluorescence emission profiles that can be quantified. Fluorescence lifetime imaging (FLIm) utilizes the exponential decay rate of these endogenous fluorophores, termed the fluorescence lifetime (LT), to generate images of tissue biochemistry and can be implemented in a single, narrow, and flexible fiber optic interface between the apparatus and the sample (Marcu, French, & Elson, 2014) . Fiber-based, FLIm has been used to detect native cartilage matrix depletion and correlated with changes in mechanical properties . Data processing techniques have been developed to allow near real-time acquisition and quantification (Liu, Sun, Qi, & Marcu, 2012) of FLIm parameters to detect biochemical changes in various biological tissues, both in vitro and in vivo (Fite et al., 2011; Manning et al., 2013; Yankelevich et al., 2014) .
In addition to monitoring the changes in biochemical composition during tissue development and maturation, it is also necessary to quantify changes in the mechanical properties of both native and engineered replacement tissues to determine successful tissue functionality. Articular cartilage is a load-bearing tissue composed of primarily collagen type II, proteoglycans, and water (Zhang, Hu, & Athanasiou, 2009) , where there is a direct structure-function relationship between the mechanical properties and the biochemical composition of the tissue (Setton, Mow, Muller, Pita, & Howell, 1993;  Figure 1 a). Articular cartilage compressive properties are strongly associated with proteoglycan content. Hyaluronan and proteoglycan link protein-1 (LINK) is a glycoprotein that stabilizes the interaction between the major proteoglycan structural components, aggrecan and hyaluronic acid (Hardingham, 1979; Seyfried et al., 2005) , creating large, negatively charged aggregates. The resulting LINK-stabilized aggregates imbibe water and provide cartilage with its osmotic properties, which are critical to its ability to resist compressive loads (Kiani, Chen, Wu, Albert, & Burton, 2002; Z. Wang, Weitzmann, Sangadala, Hutton, & Yoon, 2013) . Articular cartilage tensile properties are strongly associated with collagen and collagen crosslinking content.
Despite recent advances, tissue-engineered cartilage currently lacks the mechanical strength of native tissue (Huey, Hu, & Athanasiou, 2012) . The addition of exogenous LINK protein to both aggrecan solutions (Tang, Buckwalter, & Rosenberg, 1996) , isolated cells (Plaas, Sandy, & Kimura, 1988) , and cell-seeded hydrogel constructs (Han et al., 2010) has shown that aggrecan retention through LINKmediated stabilization is associated with increased compressive modulus. Similarly, the addition of the exogenous collagen crosslinking enzyme lysyl oxidase-like protein-2 (LOXL2) produces stable pyridinoline (PYR) crosslinks and enhances tensile strength (Makris, MacBarb, Responte, Hu, & Athanasiou, 2013) . The success of tissueengineered articular cartilage replacement products in vivo depends heavily on the development of sufficient tensile and compressive properties (Huey, Hu, & Athanasiou, 2012; Makris, Gomoll, Malizos, Hu, & Athanasiou, 2015; Responte, Natoli, & Athanasiou, 2007) . The development of quantitative, validated tools optimized specifically for monitoring the biochemical and mechanical properties of tissueengineered articular cartilage is essential for evaluating these and other methods of improving tissue functionality (Morgan, Rose, & Matcher, 2014) .
The ideal system for monitoring tissue maturation and development would allow repeated sterile measurements of developing tissue and incorporate some degree of automation to both sample assessment and data processing to determine whether release criteria are met prior to clinical use. A support vector machine (SVM) is a supervised machine learning technique that is widely used for classification of data into separate groups. The SVM algorithm uses a series of past observations or training data to learn how to automatically make accurate classification predictions about new, unknown data. The SVM divides separate experimental groups by constructing a multidimensional hyperplane decision boundary that maximizes the gap between the two group's data clusters. The SVM algorithm achieves high discriminative power between the groups by using nonlinear functions called kernels to transform the input space into a multidimensional space (Yu, Liu, Valdez, Gwinn, & Khoury, 2010) . Previous studies have shown that SVM analysis can predict the proteoglycan content of tissue-engineered cartilage Lin et al., 2012) . 
| Self-assembled construct culture
Constructs were formed using the self-assembling process, as previously described (Hu & Athanasiou, 2006) . Briefly, 4 × 10 6 chondrocytes were suspended in 100 μl of a chondrogenic control (CTL) medium (Kwon et al., 2017) Constructs were removed from wells at Day 5, and 1 ml of fresh media was exchanged daily.
| Non-destructive optical assessment of self-assembled articular cartilage
At Week 4 in culture, a fiber-based, label-free fluorescence-based imaging system was used to make a non-destructive assessment of each cartilage construct (n = 6 per condition), followed by dissection for biochemical assays, mechanical evaluation, and histological processing ( Figure 2a ). The underlying principle of operation of the FLIm system has been previously reported (Y. Sun et al., 2009; Yankelevich et al., 2014) . Time-resolved fluorescence was acquired by both systems using the pulse sampling technique , and the decays were parameterized in postprocessing using a constrained least squares deconvolution with Laguerre expansion (Liu et al., 2012) .
Average fluorescence LTs were calculated using the definition of intensity-weighted average LT (Yankelevich et al., 2014) . A microchip laser (STV-02E-1 × 0, TEEM photonics, Grenoble, France) emitted optical pulses at a wavelength of 355 nm to generate sample autofluorescence. Light was delivered to and collected from the sample using a 2-m-long, flexible fiber optic cable (Molex, Lisle, IL) with an outer diameter of 480 μm. For optical assessment, the central 5-mm diameter cylindrical core (0.7-1.7 mm thick; Figure S3 ) from each sample was placed in a custom, glass sample holder in a Phosphate Buffered Saline (PBS) bath at room temperature. During imaging, the distal tip of the fiber was positioned approximately 1 mm above and perpendicular to the neocartilage surface. A two-axis digital translation stage (MX80L, Parker, Cleveland, OH) was used to scan the fiber across the sample surface. Samples were returned to 37°C immediately following imaging. The attenuation of 355-nm light in cartilage limits the penetration depth of FLIm to~300 μm below the sample surface (Descalle, Jacques, Prahl, Laing, & Martin, 1998) . 
| Biochemical analysis and histology
For biochemical analysis, tissue samples were measured to obtain wet weight (ww) and dry weight (dw). Lyophilized samples were digested in papain for 18 hr at 60°C, as previously described (Kochiadakis et al., 2001 ). Sulfated GAG content was assayed using the Blyscan Glycosaminoglycan Assay kit (Biocolor, Westbury, NY). Total collagen content was quantified using a hydroxyproline assay (Biocolor; Woessner, 1961) . PYR collagen crosslinks were analysed and quantified by high-performance liquid chromatography, as previously described (Bank et al., 1997) . Constructs were acid digested and suspended in a solution of 0.5% heptafluorobutyric acid in 10% acetonitrile. Samples were injected into a Luna C18 column (Phenomenex, Torrance, CA) and eluted on a high-performance liquid chromatography system (Prominence UFLC, Shimadzu, Columbia, MD). A linear calibration curve was created using PYR standards (Quidel, San Diego, CA) for crosslink quantification. Collagen crosslinking density was defined as the molar ratio of PYR per collagen molecule and calculated assuming the molecular weight of the collagen triple helix of 300,000 MW (Haus, Carrithers, Trappe, & Trappe, 2007) .
For histological evaluation, samples were fixed in 10% neutral buffered formalin, paraffin embedded, and then sectioned at 10 μm. Sections were stained with haematoxylin and eosin for general morphology, safranin O and nuclear fast green for glycosaminoglycans, or picrosirius red and nuclear fast green for total collagen following routine procedures. Picrosirius red stained collagen was visualized under polarized light microscopy to enhance natural birefringence (Junqueira, Bignolas, & Brentani, 1979; Puchtler, Waldrop, & Valentine, 1973) . 
| Compressive and tensile testing
Compressive properties were quantified by coring a 2-mm cylindrical punch from each construct, as previously described (Allen & Athanasiou, 2006) . Briefly, compression testing is accomplished in two phases: height detection and stress relaxation testing in unconfined compression. Samples were equilibrated in a PBS bath, loaded to 0.02 N load to determine sample thickness and preconditioned under 15 cycles of 5% strain. Samples were loaded under 10% strain for 600 s immediately followed by 20% strain for 900 s to obtain equilibrium ( Figure S1 ). Force-displacement data were recorded, converted to stress-strain based on sample dimensions, and all data were analysed using biphasic theory (Mak, Lai, & Mow, 1987) in Matlab (Mathworks, Natick, MA) to calculate instantaneous modulus, relaxation modulus, and coefficient of viscosity for each sample.
Tensile testing was conducted using a uniaxial materials testing machine (Test Resources, Shakopee, MN), as previously described (Makris et al., 2013) . Briefly, cartilage samples were cut into dog bone-shaped tensile specimens, and the sample thickness and width were measured via ImageJ software (NIH, Bethesda, MD; Schindelin, Rueden, Hiner, & Eliceiri, 2015) . A uniaxial strain to failure test was conducted with a fixed gauge length of 1.3 mm and a strain rate of 1% of the gauge length per second. Loaddisplacement curves were normalized to specimen cross-sectional area, and the apparent Young's modulus was calculated by least squares fitting the linear portion of the resulting stress-strain curve in Matlab (Mathworks). Ultimate tensile strength (UTS) was defined at the maximum stress.
| Statistical analysis and modelling
All evaluations in this study were performed using n = 6 matched samples per treatment group on JMP v13 (SAS Institute, Cary, NC).
Statistical analysis of groups was performed using one-way analysis of variance with Tukey's post hoc analysis. Bar chart data are presented as mean ± standard deviation with significant differences (p < 0.05) indicated by bars not sharing the same letter. Bars with the same letter are not significantly different from one another, and bars with more than one letter reflect overlap between groups.
Correlations between bivariate parameters of each treatment were modelled separately to determine which outcome parameter correlated with which biochemical component using simple linear least squares regression analysis.
| SVM development
SVM algorithms with a (Gaussian) radial basis function kernel H. W. Wang, Lin, Pai, & Chang, 2011) were tested for their ability to predict LOXL2-induced collagen crosslinking in selfassembled constructs. The feature vector included average fluorescence LT and intensity values from CH1, CH2, and CH3. Due to the range of FLIm signal across the engineered tissue samples, we defined the accuracy of the classification as the ratio of correctly classified pixels to the total number of pixels in the image. Artifacts due to low signal to noise ratio and edge effects were removed by data thresholding. A receiver operating characteristic curve was generated to evaluate the quality of a binary classification test and to graphically illustrate the diagnostic ability of the SVM classifier as the discriminant threshold was varied. Sensitivity, specificity, and positive predictive values were calculated using a leave-one-out cross-validation approach (Hsu & Lin, 2002) . This involved sequentially leaving data from a single specimen out of the training set and then testing the classification accuracy on that single specimen for all specimens. Data processing, image analysis, and classification were performed using MATLAB (Mathworks).
| RESULTS

| Exogenous LOXL2 and LINK proteins enhanced extracellular matrix stabilization in self-assembled constructs
The self-assembling process resulted in flat, uniform neocartilage formation in all culture conditions tested (Figure 3a ). Matrix stabilization with LOXL2 and LINK proteins resulted in increased collagen birefringence and proteoglycan (Gago et al., 2009 ) staining as compared with CTL ( Figure 3b ). Proteoglycan content was significantly increased with both +LOX and +LOX + LINK treatments (1.5-and 1.4-fold respectively, p < 0.001; Figure 4a ). Treatment did not significantly alter collagen content (p = 0.43; 4.64 ± 0.57% COL/dw for all groups), but both +LOX and +LOX + LINK treatments produced large increases in collagen crosslinking density (2.9-and 4.9-fold respectively, p < 0.0001; Figure 4b ).
| Matrix stabilization improved both tensile and compressive mechanical properties
The relaxation modulus was significantly increased with both +LOX and +LOX + LINK treatments as compared with CTL (5.9-and 3.4-fold, respectively, p < 0.001; Figure 4c) . Similarly, the instantaneous modulus was significantly increased with both +LOX and +LOX + LINK treatments as compared with CTL (3.9-and 2.1-fold respectively, p < 0.001; Figure 4d ). The coefficient of viscosity was significantly increased with +LOX treatment as compared with CTL (7.2-fold, p < 0.0001; Figure S2B ). Compared with CTL, tensile Young's modulus significantly increased 2.0-fold with +LOX and 3.8-fold with +LOX + LINK treatment to reach an average value of 1.98 ± 0.68 MPa (p < 0.01; Figure 4e ). UTS was also significantly increased with both +LOX and +LOX + LINK treatments as compared with CTL (6.2-and 8.3-fold, respectively, p = 0.001; Figure 4f ).
| Destructive and non-destructive testing detect changes in matrix stabilization and mechanical properties
FLIm CH1 and CH3 LT were significantly increased with the addition of exogenous proteins (p < 0.001 and p = 0.02, respectively; Figure 4g ,h). Destructive biochemical assays had strong significant correlations with both tensile and compressive mechanical properties.
Proteoglycan content (GAG/ww) had a strong and significant correlation with compressive modulus (R 2 = 0.68; p < 0.001; Figure 5a ). UTS had a strong and significant correlation with collagen crosslinking density (PYR/COL; R 2 = 0.63; p < 0.001; Figure 5b ). Non-destructive fluorescence LT was able to detect changes in biochemical content. FLIm CH3 LT had moderate significant correlation with GAG/ww (R 2 = 0.49; p = 0.001; Figure 5c ), and FLIm CH1 LT has a significant correlation with PYR/COL (R 2 = 0.45; p = 0.002; Figure 5d ). Nondestructive fluorescence LT was able to detect changes in both tensile and compressive mechanical properties. FLIm CH3 LT had a strong and significant correlation with compressive modulus (R 2 = 0.59; p < 0.001; Figure 5e ). FLIm CH1 LT had a strong and significant correlation with the UTS (R 2 = 0.82; p < 0.0001; Figure 5f ) and a moderate significant correlation with the coefficient of viscosity (R 2 = 0.50; p < 0.002; Figure S2B ).
| SVM learning identifies LOXL2-induced collagen crosslinking in tissue-engineered neocartilage
SVM classification was able to identify LOXL2-induced collagen crosslinking in the self-assembled neocartilage using fluorescence- Biochemical properties of self-assembled articular cartilage were enhanced through matrix stabilization with exogenous LOXL2 and receptors (Spicer, Joo, & Bowling, 2003) resulting in increased cartilage mechanical strength (Jia et al., 2016) .
Matrix stabilization improved the compressive properties of the self-assembled neocartilage. Large increases in compressive modulus (3.9-fold over CTL) were observed with a combination of LOXL2 and LINK proteins. The increases in compressive properties with the addition of exogenous proteins may be partially attributed to the role that aggrecan aggregate size plays in determining cartilage mechanical strength. Although LINK protein was not found to increase the total GAG content, it has been shown to increase aggrecan aggregate size by providing an almost irreversible tertiary bond between aggrecan and the core protein hyaluronan (Kiani et al., 2002) . Increases in aggregate size have been shown to increase the average strength of the proteoglycan network and, ultimately, the tissue itself (Zhu, Lai, & Mow, 1991) . In this way, the stabilization of aggregates by LINK protein may play a significant role in maintaining the organization and attachment of the collagen fiber-reinforced proteoglycan matrix and its intrinsic mechanical properties.
Neocartilage constructs with +LOX and +LINK treatments had ten- the hypothesis that non-destructive assessments could be used to infer the differences in the mechanical properties of self-assembled cartilage. We specified that spectral bands at 375-410 nm (CH1) and 515-565 nm (CH3) are important for the assessment of the tensile and compressive properties of tissue-engineered cartilage, a finding that will be of high interest for the fields of cell biology and regenerative medicine. The lack of depth-dependent variations in the biochemical composition in the neocartilage reduced bias created by comparing FLIm surface measurements (~300 μm) with full thickness biochemical and mechanical properties. In contrast, native cartilage has a large depth-dependent variation in biochemical composition.
When we subjected native tissue to enzymatic treatments to deplete matrix content, we found lower than expected differences in fluorescence signal in cartilage imaged perpendicular to the tissue surface as compared with cartilage imaged in cross section ).
SVM learning classification was able to identify LOXL2-induced collagen crosslinking in the self-assembled neocartilage using fluorescence-based parameters. Distinct fluorescence LT distributions for CTL and LOXL2 cross-linked samples allowed the SVM classifier to distinguish between groups with a discriminant ability of 98.4%. Our work provides a promising proof of principle by demonstrating the predictive power of the SVM to detect differences in collagen crosslinking content with just a small set of variables. This classification approach can be extended to include larger data sets and incorporate other variables, such as proteoglycan content, to generate an automated system to assess cartilage tissue maturation and determine whether release criteria are met prior to clinical use.
A major challenge in the research and translation of tissueengineered products is the cost and time associated with destructive testing methods. The inexpensive, fiber-based interface of the FLImbased system can be incorporated into a standard biosafety cabinet for sterile imaging and repeated measurements of samples . The ability to continuously monitor tissue quality enables quick adjustments to varying rates of tissue development, the scrapping and restarting of poorly developing tissue, and predictive capabilities of final tissue quality.
| Conclusions
Matrix stabilization using a combination of exogenous LOXL2 and LINK proteins produces robust self-assembled cartilage with increased tensile and compressive properties on par with native tissue. Fluorescence LT is capable of detecting the biological and mechanical changes that occur with matrix stabilization. These data, combined with fiber optic-based instrumentation, suggest that FLIm-based tools are a potential non-destructive method for quantitatively monitoring the growth and quality of tissue-engineered articular cartilage. The use of continuous monitoring strategies could represent a significant element in reducing costs in research, meeting the FDA regulatory requirements for compliant manufacturing in industry, and as a diagnostic tool in the clinic. The methods presented here can be adapted to other tissue engineering and regenerative medicine applications.
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